Abstract This study evaluated the effects of antimicrobial photodynamic therapy (aPDT) mediated by Photodithazine® (PDZ) and LED light on the virulence factors of fluconazolesusceptible (CaS) and fluconazole-resistant (CaR) Candida albicans. Standardized suspensions of strains were prepared (10 7 ), and after 48 h of biofilm formation, these strains were incubated with PDZ (100 mg/L) for 20 min and exposed to LED light (660 nm, 37.5 J/cm 2 ). Additional samples were treated with PDZ or light only, and the control consisted of biofilms that received no treatment. After aPDT, the cells were recovered and the virulence factors were evaluated. To analyze the capacity of adhesion, cells were recovered after aPDT and submitted to the adhesion process in the bottom of a 96-well plate. After this, metabolic activity tests (XTT assay) and cell viability (colony forming units per milliliter, CFU/mL) were applied. To evaluate the biofilm-forming ability after aPDT, the cells recovered were submitted to biofilm formation procedures, and the biofilm formed was evaluated by XTT, CFU/mL, and total biomass (crystal violet) tests. Lastly, the capacity for synthesizing protease and phospholipase enzymes after aPDT was evaluated by fluorimetric tests. Data were analyzed by two-or three-way ANOVA tests (p ≤ 0.05). It was verified that aPDT reduced the viability of both strains, fluconazole-susceptible and fluconazole-resistant C. albicans. It was also observed that the CaR strain had lower susceptibility to the aPDT when compared with the CaS strain. However, regarding the virulence factors evaluated, it was demonstrated that aPDT did not alter the adherence and biofilm formation ability and enzymatic production.
Introduction
Candida albicans is commonly found in human beings in a relationship of commensalism; however, when there is imbalance in the host immune system, this fungus may invade tissues and cause superficial infections such as oropharyngeal candidosis (OPC) [1] . The pathogenesis of OPC may be related to the host conditions and virulence of the microorganism [2] . Diabetic patients, users of immunosuppressive medications and broad-spectrum antibiotics, individuals submitted to antineoplastic therapies, and AIDS patients present a high incidence of infection by Candida [3] .
Moreover, C. albicans presents virulence factors that aid the colonization and invasion of host tissues [4] . Organization into biofilms may be considered an important virulence factor [5] since it is intimately associated with the capacity to cause infections, protect development of the microorganism in hostile environments, and prevent the penetration of antifungal drugs [5] . Furthermore, the production of enzymes, such as proteinases and phospholipases, plays an important role in the pathogenicity of these fungi since these enzymes are able to hydrolyze important phospholipids and proteins of the cytoplasmic membrane of the host cell, resulting in the rupture of this organelle [6, 7] .
Topical and systemic antifungal agents (polyenes and azoles, such as amphotericin B and itraconazole) have been used in the treatment of OPC; however, these medications may promote the development of hepatotoxicity and antifungal resistance [8] . Prophylactic treatment with fluconazole, recommended for HIV-positive patients, has been shown to cause substitution of susceptible C. albicans strains by those resistant to fluconazole [9] . Moreover, the fungistatic activity of azoles has also been associated with failure of antifungal treatment in immunocompromised patients. Another aspect related to antifungal resistance and recurrence of infection is the capacity of Candida spp. to form biofilms on surfaces [10, 11] .
Due to the antifungal resistance and difficulties associated with the use of conventional medications, antimicrobial photodynamic therapy (aPDT) has been suggested for inactivating Candida spp. and for the treatment of superficial fungal infections [12] [13] [14] . Photodithazine® (PDZ), a second-generation photosensitizer (PS) derived from chlorine, has been successfully applied with aPDT against cancer [15] . In vitro studies have indicated that aPDT mediated by PDZ was effective in inactivating bacteria and fungi. Dovigo et al. [16] observed high rates of reduction in the metabolic activity of biofilms formed from clinical isolates of C. albicans, Candida tropicalis, and Candida glabrata after exposure to aPDT. Significant reduction in metabolic activity and cell viability has also been observed in multispecies biofilms [17] .
Studies have demonstrated that the species of Candida present susceptibility to aPDT [12] ; however, there are still some aspects that need to be clarified. Due to non-specific oxidant agents, the organisms resistant to conventional antifungal agents may be inactivated by aPDT. However, it has been verified that fluconazole-resistant strains of C. albicans and C. glabrata exhibit reduced sensitivity to aPDT compared to fluconazole-sensitive reference strains (ATCC), suggesting that the mechanisms of resistance of microorganisms to traditional antifungal medications may reduce the efficacy of aPDT [13] . In addition, the response of strains to aPDT has not been homogeneous among the resistant strains of the same species [13, 18] . Since the most promising advantage of aPDT would be to treat infections resistant to antifungal agents, the susceptibility of fluconazole-resistant C. albicans needs to be better understood. Moreover, both the action of aPDT mediated by PDZ against fluconazole-resistant C. albicans and the effect of aPDT on the virulence factors of fluconazole-susceptible and fluconazole-resistant C. albicans are unknown.
Therefore, the aim of this study was to evaluate the expression of virulence factors of fluconazole-susceptible and fluconazole-resistant C. albicans after aPDT mediated by PDZ associated with LED light. The virulence factors evaluated were as follows: capacity of adhesion and biofilm formation and the capacity for specific degradative enzyme synthesis (protease and phospholipase).
Materials and methods

Photosensitizer and light source
Photodithazine® (PDZ; VETA GRAND Co., Moscow, Russia), a chlorin e6 derivative, was used as PS. PDZ was diluted in physiological solution (0.85% NaCl) in a concentration of 100 mg/L. The PS was excited by a light-emitting diode (LED) in the red region of the spectrum (660 nm). This device is composed of red LEDs (LXHL-PR09, Luxeon® III Emitter, Lumileds Lighting, San Jose, CA, USA) uniformly distributed, with a constant power output of 71 mW/cm 2 . The dose of light evaluated was 37.5 J/cm 2 .
Obtaining the biofilms and performing antimicrobial photodynamic therapy
The standard strains of C. albicans ATCC 90028 (fluconazole-susceptible, CaS) and C. albicans ATCC 96901 (fluconazole-resistant, CaR) were used to form biofilm. The strains were defrosted and reactivated in Sabouraud dextrose agar (SDA; Acumedia Manufacturers, Inc., Baltimore, MD, USA) culture medium containing 5 μg/mL of gentamicin and incubated (37°C/48 h). After this period, the cell cultures were inoculated in 5 mL of RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C for 16 h at 75 rpm in an orbital agitator (AP 56, Phoenix Ind Com Equipamentos Científicos Ltda, Araraquara, SP, Brazil). After incubation, the cells were submitted to the steps for biofilm formation, described by Dovigo et al. [16] . In summary, the cells were washed and resuspended in phosphate-buffered saline (PBS). Cell concentration was adjusted to 10 7 cells/mL in a spectrophotometer (540 nm), and 100 μL of this suspension was transferred to a 96-well plate. The plate was incubated at 37°C for 1.5 h in an incubator shaker at 75 rpm (adhesion stage). After this period, RPMI 1640 was added and the plate was incubated at 37°C at 75 rpm for 48 h (biofilm maturation).
After biofilm formation, the culture medium was removed and the biofilm was washed twice with PBS. To perform the aPDT, 100 μL of PDZ was added to each biofilm. After this, the plates were incubated in the dark for 20 min (preirradiation time) and then illuminated with LED light for 9 min (37.5 J/cm 2 ; groups P+L+CaS and P+L+CaR). Additional samples were treated with PDZ (P+L−CaS or P+ L−CaR) only or with LED light only (P−L+CaS and P−L+ CaR). The control group received no treatment with PDZ or with LED light (P−L−CaS and P−L−CaR).
After application of the treatments, tests were performed to evaluate the effectiveness of aPDT and its effect on the virulence factors. All the tests were performed in triplicate on three different occasions. It is important to point out that for each test and occasion performed, individual plates were used. Therefore, the evaluations were made directly on the cells coming from the biofilms that were submitted to the treatments described, according to the flow sheet (Fig. 1) .
Evaluation immediately after treatments
To evaluate the efficacy of aPDT against the biofilms, the following methods were used: quantification of colonies (CFU/mL), evaluation of cell metabolism (XTT assay), and total biomass.
For quantifying the colonies (CFU/mL), on conclusion of treatments, the biofilms were detached from the wells with the aid of a sterile swab (Johnson & Johnson, Nova Odessa, Brazil) and aliquots of 25 μL of the serial dilution were plated on SDA medium. After incubation at 37°C for 48 h, colony forming units per milliliter (CFU/mL) values were determined and transformed into Log 10 [16] .
Biofilm cell metabolism was evaluated by means of the yellow tetrazolium salt XTT ({2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H tetrazolium hydroxide}) reduction assay. For this purpose, after application of the treatments, 200 μL of XTT solution (containing 158 μL of PBS with the addition of 200 mM glucose, 40 μL of XTT, and 2 μL of menadione) was added to each well. The plates were incubated at 37°C in the dark for 3 h and colorimetrically measured in a microplate reader (Thermo Plate/TP Reader) at 492 nm [19] .
The total biomass of biofilm was quantified by means of crystal violet (CV) staining. After being submitted to treatments, the biofilms were washed with PBS and then fixed with 200 μL of methanol for 15 min. The methanol was removed and the plates were kept at 37°C for 20 min to dry. Subsequently, 200 μL of CV (1%, v/v) was added and maintained for 5 min. The wells were washed with ultrapure water, and after this, 33% acetic acid was added to remove the dye. The result of this solubility was measured using the microplate reader at 570 nm [19] .
Evaluation of virulence factors
Additional biofilms that received the previously described treatments were evaluated with regard to the following virulence factors: capacity for adhesion to abiotic surfaces, biofilm-forming capacity, and capacity for specific degradative enzyme synthesis (proteinase and phospholipase).
To evaluate the capacity for adhesion to abiotic surface, the treated biofilms were detached from the bottom of the wells; the cells were transferred to a new 96-well plate and submitted to the steps described previously for adhesion of the cells, as reported by Dovigo et al. [16] . After the adhesion stage, the adhered cells were evaluated according to the following previously described methods: quantification of colonies (CFU/ mL) and cell metabolism (XTT assay). The values obtained after adhesion were statistically compared with those obtained from biofilms immediately after aPDT.
To evaluate the biofilm-forming capacity on an abiotic surface, the biofilms submitted to the treatments were detached from the plate and the microorganisms were submitted to the same procedures as those described previously for the development of the biofilms [16] . After biofilm formation, quantification of colonies (CFU/mL), evaluation of cell metabolism Fig. 1 Flowchart of the methods used for evaluation of the treatments and the virulence factors after the treatments (XTT), and total biomass were performed. The values obtained after biofilm formation were statistically compared with those obtained from biofilms immediately after aPDT.
The capacity for phospholipase and proteinase synthesis was evaluated by means of a fluorimetric test. To measure the phospholipase production after aPDT, the biofilms were resuspended in 200 μL of lysis buffer and sonicated for 20 s. The biofilms were removed from the bottom of the culture plate wells with the aid of a pointer, transferred to Eppendorf tubes, and centrifuged (10,000 rpm/5 min). The Amplex® Red Phosphatidylcholine-Specific Phospholipase C Assay Kit (#A-12218) was used, in accordance with the manufacturer's instructions. The assays were performed in black 96-well plates in a total volume of 200 μL per well (100 μL of the centrifugation product of the biofilms and 100 μL of the working solution). Fluorescence was read in the fluorescence microplate reader (Fluoroskan Ascent Microplate™, USA) at 544-nm excitation and 590-nm emission. The fluorescence values (in nanometers) were recorded and used for comparisons with the fluorescence values of the positive controls provided by the manufacturer (purified PL-C from Bacillus cereus and hydrogen peroxide) [20] .
To evaluate proteinase enzyme production, after performing the proposed treatments, 200 μL of RPMI medium was added in each orifice of the samples. After 24 h of incubation at 37°C under agitation (75 rpm), the biofilms were removed from inside the wells with the aid of a pointer, transferred to Eppendorf tubes, and centrifuged at 10,000 rpm for 5 min. To evaluate proteinase secretion, the EnzChek® Protease Assay Kit (#E-6638) was used, in accordance with the manufacturer's instructions. The assays were performed in black 96-well plates in a total volume of 200 μL per well (100 μL of the centrifugation product of the biofilms and 100 μL of the working solution). Fluorescence readout was obtained in Fluoroskan at 485-nm excitation and 538-nm emission. The fluorescence values were used in linear equations derived from the standard curves obtained from trypsin solutions, and the enzymatic activity was expressed in nanograms per milliliter [20] .
Statistical analysis
Homogeneity of variance and normality of the data were verified by the Levene and Shapiro-Wilk tests, respectively. The results of biofilm adhesion and formation were analyzed statistically by means of three-way analysis of variance (ANOVA): time (immediately after treatments and after biofilm adhesion or formation subsequently to aPDT), strain (susceptible and resistant), and treatment groups (P−L−, P+L−, P−L+, and P+L+). For multiple comparisons, the post hoc Tukey test was used for homoscedastic data and the Games-Howell test for heteroscedastic data. On the other hand, when the assumption of normality was not found, data were ranked and nonparametric analysis (ANOVA on rank) and the Games-Howell post hoc test were used. The proteinase and phospholipase data were analyzed by two-way ANOVA and the Tukey post hoc test for homoscedastic data and the Games-Howell test for heteroscedastic data. The level of significance adopted was 5% (α = 0.05). Pearson's correlation between enzymatic production (proteinase and phospholipase) and the Log 10 (CFU/ mL) values was also performed (α = 0.01). These analyses were performed using the software SPSS (IBM® SPSS® Statistics, version 20, Chicago, IL, USA).
Results
Capacity for adhesion to the abiotic surface
Regarding the quantification of colonies (CFU/mL), the biofilms presented immediately after aPDT a reduction in the viability of 19.09 and 18.7%, equivalent to 1.20 Log 10 and 1.14 Log 10 compared with the control groups (P−L −CaS or P−L−CaR) for CaS and CaR, respectively. In general, it was observed that all the cells submitted to the treatments presented reduced capacity for adhesion. Comparing the groups at the times evaluated (immediately after treatments and after adhesion subsequently to aPDT), 68.9% of the cells in the P−L−CaS group adhered to the polystyrene plate, while 63% of the cells in the P+L+CaS group presented capacity for adherence. For CaR, 74.2% of the cells in the P−L−CaS group adhered to the polystyrene plate, and 73.9% of the cells in the P+L+CaS group presented capacity of adherence. Three-way analysis of variance revealed that there was no interaction among the three factors evaluated: strain, time, and treatment groups (p = 0.503). However, significant interaction was demonstrated between the factors Bstrain^and Btime^(p < 0.001); for this reason, the Tukey post hoc test was used since the data showed normal distribution (Shapiro-Wilk test: p ≥ 0.05) and were homoscedastic (Levene test: p < 0.001). The Tukey post hoc test demonstrated a significant difference between the time intervals evaluated and similarity between the strains studied. Moreover, the factors Bgroup^and Bstrain^were not significant for the capacity for adhesion, and only the factor time showed significant influence on the capacity for adhesion of the cells (Fig. 2) .
Analysis of the XTT assay showed that the biofilms submitted to aPDT demonstrated reductions of 79.5 and 50.4% in metabolic activity for CaS and CaR, respectively, in comparison with the control groups (P−L−CaS or P−L−CaR; Fig. 3 ). Subsequently, after aPDT, the capacity for adhesion of the viable cells was also evaluated by the XTT assay. When comparing the groups at the times evaluated (immediately after aPDT and after adhesion subsequently to aPDT), it was observed that adhesion of the cells reduced to 15.5% for the P−L −CaS group, while for the P+L+CaS group the reduction was equivalent to 15.8%. For the CaR strain, 19% of the cells in the P−L−CaR group were metabolically active, and for the P+ L+CaR group the metabolic activity reduced to 13%. Threeway analysis of variance revealed significant interaction among the three factors evaluated (p < 0.001). Therefore, the multiple comparisons test of Games-Howell was applied since the data showed a normal distribution (Shapiro-Wilk test: p ≥ 0.64), but was heteroscedastic (Levene test: p < 0.001). The Games-Howell test demonstrated that the adhesion capacity for all groups of the CaS strain was significant different (p < 0.05) from that observed for the groups of the CaR strain. Time was also a significant factor (p < 0.05) since a reduction in the metabolic activity of the adhered cells was observed for all the groups evaluated (controls and aPDT). Moreover, the groups treated with aPDT showed significant difference (p < 0.001) compared with the other groups (P−L−, P+L−, and P−L+), which did not show significant differences among them (p > 0.05).
Capacity for biofilm formation on abiotic surface
The quantification of colonies demonstrated reductions of 16.18 and 13.5% of the biofilms submitted to aPDT compared with the control group (P−L−CaS or P−L−CaR), equivalent to 1.01 Log 10 and 0.81 Log 10 for CaS and CaR, respectively. When comparing the groups at the times evaluated (immediately after aPDT and after biofilm formation), 100% of the cells from the P−L−CaS and P+L+CaS groups were able to form biofilms. For CaR, 96.2 and 94.3% of the cells from the P−L−CaS and P+L+CaS groups, respectively, formed biofilms on the polystyrene plate. Three-way analysis of variance revealed that there was no significant interaction (p = 0.466) among the three factors evaluated: strain, time, and treatment groups. However, a significant interaction (p < 0.001) was found between group versus strain (Fig. 4) and time versus strain (Fig. 5) . The Games-Howell post hoc test was used to evaluate the interaction between group × strain since the data showed normal distribution (Shapiro-Wilk test: p > = 0.074) and was heteroscedastic (Levene test: p = 0.017). The Games-Howell test showed that the aPDT groups (CaS and CaR) were significantly different (p < 0.001) from the other groups (P−L−, P−L+, and P+L−), which showed no significant difference (p > 0.487) among them (Fig. 4) . Furthermore, the Tukey post hoc test used to analyze the interaction between strain × time (homoscedastic data, Levene test: p = 0.136) demonstrated for CaR a significantly (p ≤ 0.007) reduced ability to form biofilms (Fig. 5) . The result of the XTT assay demonstrated that aPDT promoted reductions of 78.23 and 39.1% in the metabolic activity of the CaS and CaR strains, respectively (Fig. 6) .
After aPDT, the biofilm formation ability of the viable cells was also evaluated by the XTT assay. In general, it was observed that only the CaR strain submitted to the treatments presented a reduction in the metabolic activity. When comparing the groups at the times evaluated (immediately after aPDT and after biofilm formation subsequently to aPDT), it was observed that 56% of the cells from the P−L−CaS group were able to grow and form biofilms, while for the P+L+CaS group, this value was equivalent to 250%, indicating that after aPDT the CaS presented an elevated ability for multiplication and biofilm formation. For CaR, 61.7 and 67.2% of the cells from the P−L−CaR and P+L+CaR groups grew as biofilms (Fig. 6) . Since the assumption of normality was not found (Shapiro-Wilk test: p ≤ 0.021), a non-parametric analysis was used (ANOVA on rank). The non-parametric test revealed a significant interaction (p < 0.001) among the three criteria evaluated (time, strain, and groups). Additionally, the homogeneity of variance and normality of the rank values were assessed by Levene and Shapiro-Wilk tests, respectively.
According to these tests, the rank values showed a normal distribution (p < 0.05); however, they were heteroscedastic (p < 0.001). For this reason, the Games-Howell post hoc test was applied. The Games-Howell test revealed that, for CaS, immediately after application of the treatment, there was a significant difference (p ≤ 0.028) between the group treated with aPDT and the other groups, which were similar (p ≥ 0.929). For CaR, immediately after application of the treatment, there was a significant difference (p ≤ 0.017) between the group treated with aPDT and the other groups, with exception of the P+L− group (p = 0.558). The groups P−L−, P+ L−, and P−L+ were similar (p ≥ 0.076). However, the biofilm formation ability was statistically similar among all the groups, demonstrating that aPDT was not able to reduce the ability of the two strains (p = 1.00 for CaS and p ≥ 0.220 for CaR) to grow as biofilms. A significant difference (p = 0.002) between CaR and CaS strains immediately after aPDT was also verified, but after biofilm formation both strains were similar (p ≥ 0.057), independent of the group.
Finally, the crystal violet assay demonstrated that immediately after aPDT, the CaS strain demonstrated no reduction in total biomass compared with the other groups, while the resistant strain (P+L+CaR) showed a reduction of 23.1% in the total biomass compared with the control (P−L−CaR; Fig. 7 ). After application of the treatments, the total biomass of the viable cells grown as biofilms was also quantified by crystal violet stain. It was observed that the total biomass values after treatments of all groups were lower than the initial values, showing that even the biofilms of the control group presented lower total biomass values (Fig. 7) . When comparing the groups at the times evaluated (immediately after aPDT and after biofilm formation), reductions of 32.8 and 32.1% in the total biomass were observed for the P−L−CaS and P+L+CaS groups, respectively. For the CaR strain, a reduction of 49.5% in the total biomass was observed for the P−L−CaR group, while for the P+L+CaR group the biomass reduction was equivalent to 32.5%. Three-way analysis of variance revealed a significant interaction (p < 0.001) among the three criteria evaluated: strain, time, and treatment groups. The Games-Howell post hoc test was applied since data showed normal distribution (Shapiro-Wilk: p > = 0.070), but not homogeneity of variance (Levene test: p < 0.001). The GamesHowell test demonstrated for the CaS strain no significant difference (p = 1.000) between aPDT (P+L+CaS group) and the other groups immediately after application of the treatments. After biofilm formation, subsequently to the treatments, the total biomass of all groups remained similar (p ≥ 0.984). The total biomass of the CaS biofilm was significantly lower (p < 0.001) than the initial value, demonstrating that even the biofilms of the control group showed lower total biomass values. For the CaR strain, immediately after aPDT, a significant reduction (p ≤ 0.028) in the total biomass of the biofilm submitted to aPDT (P+L+CaR) was observed compared with the control and P+L− groups. However, after biofilm formation, subsequently to the treatments, the biomasses of all groups were similar (p ≥ 0.995), showing that aPDT was not able to reduce the biofilm formation ability. It was also verified that, after receiving some type of treatment, the biomass value of the CaR biofilm was lower than the initial value (p < 0.001). Lastly, a significant difference (p < 0.001) was also observed between the CaS and CaR strains both immediately after application of the treatments and after biofilm formation. 
Proteinase production
The fluorescence values obtained in the readouts were normalized in accordance with the standard curve and the control reagents (Tris-HCl buffer and RPMI), and the value of proteinase production was obtained in the scale of nanograms per milliliter (Fig. 8) . Two-way analysis of variance was applied, once there were two factors involved: strain and treatment. This test demonstrated a significant interaction (p < 0.001) between the two factors. For this reason, the Games-Howell post hoc test was used (normal distribution, Shapiro-Wilk test: p > = 0.061; heterogeneity of variance, Levene test: p < 0.001) and demonstrated that, for the CaS strain, only the P+L−CaS and P−L+CaS groups were similar (p = 0.995) and the others were significantly different (p < 0.001). For the CaR strain, no significant difference was observed between the P+L−CaR and P−L+CaR groups (p = 0.965) and the P−L+CaR and P+ L+CaR groups (p = 0.066), while the other groups showed significant difference (p ≤ 0.001) among them. A significant difference (p < 0.001) in proteinase production between the strains evaluated was also observed, with the resistant strain producing significantly less proteinase than the susceptible strain (p < 0.001). In addition, Pearson's correlation demonstrated a significant (p = 0.007) and positive correlation between the enzyme production and the values of Log 10 (CFU/ mL; r = 0.315), which means that the production of this enzyme was influenced by the quantity of viable cells.
Phospholipase production
The results of proteinase production were also analyzed by two-way analysis of variance, once there were two factors involved: strain and treatment. Two-way analysis of variance showed a significant interaction between the factors group and strain (p < 0.001). Tukey's post hoc test was applied (normal distribution, Shapiro-Wilk test: p > = 0.156; homogeneity of variance, Levene test: p = 0.470) and demonstrated that, for the CaS, all groups differed among them and between the groups of the CaR (p < 0.001). For the CaR strain, a significant difference was observed only between the P+L+CaR and P−L−CaR groups (p = 0.002) and the P+L+CaR and P−L+ CaR groups, in addition to all the groups of the CaS (Fig. 9) . It was also observed that there was a significant difference (p = 0.026) in phospholipase production between the strains evaluated, with the resistant strain producing significantly less of this enzyme than the susceptible strain (p < 0.001). In the same way as for proteinase, a significant (p = 0.004) and positive correlation between the enzyme production and the values of Log 10 (CFU/mL) (r = 0.338) was also observed, which means that the production of this enzyme was influenced by the quantity of viable cells.
Discussion
C. albicans expresses diverse virulence factors that contribute to its pathogenicity, such as polymorphism, the capacity for adhesion and biofilm formation, and degradative enzyme secretion [21] . The free radicals and singlet oxygen produced during aPDT may interact with diverse cell structures of the microorganisms (proteins, lipid membranes, and nucleic acids), resulting in cell death by apoptosis or necrosis [22] . Furthermore, there are reports that ROS generated during aPDT application may change the virulence profile of fungi [23, 24] . Therefore, the aim of this study was to evaluate the expression of virulence factors of fluconazole-susceptible and fluconazole-resistant C. albicans after the aPDT mediated by PDZ in association with LED light.
In the present study, it was observed that immediately after application of the treatments, the biofilms submitted to aPDT demonstrated reductions of 79.5 and 50.4% in metabolic activity for CaS and CaR, respectively. This finding is in Fig. 8 Mean values and standard deviations of proteinase production (in nanograms per milliliter) of the experimental groups for both C. albicans strains evaluated. Equal letters denote statistical similarity (p > 0.05) agreement with those found in the literature in studies that evaluated the photoactivation of strains of Candida by using PDZ as PS; however, it is important to point out that these studies did not evaluate fluconazole-resistant strains. Dovigo et al. [16] verified that aPDT mediated by PDZ associated with LED light reduced the metabolic activity of clinical isolated biofilms of C. albicans, C. tropicalis, and C. glabrata by 62.1, 76.0, and 76.9%, respectively. In the study conducted by Quishida et al. [17] , the multispecies biofilms of C. albicans, C. glabrata, and Streptococcus mutans incubated with PDZ (100, 150, 175, or 200 mg/L) and irradiated with LED light (37.5 Jcm 2 ) presented 36% of reduction in metabolic activity when compared with the control group.
With regard to the colony quantification test (CFU/mL) in the present study, it was observed that immediately after aPDT, compared with the control group (P−L−CaS or P−L −CaR), the biofilms submitted to aPDT presented reductions equivalent to 1.20 and 1.14 Log 10 for CaS and CaR, respectively. These results are promising since the patterns of inactivation observed for the susceptible and resistant strains were similar. Studies have demonstrated that aPDT promoted the inactivation of suspensions of fluconazole-resistant C. albicans; however, different PSs were used. Paz-Cristobal et al. [25] evaluated the effectiveness of aPDT, mediated by hypericin or dimethylmethylene blue, for the inactivation of suspensions of clinical isolates of CaS and CaR and observed complete inactivation of the suspensions. In the study conducted by Chien et al. [26] , chitosan was used to enhance the efficiency of aPDT (mediated by toluidine blue) against clinical isolates of CaS and CaR, and they demonstrated that 30 min of incubation with chitosan combined with aPDT promoted photoinactivation of the strains in suspension. Mang et al. [27] demonstrated that suspensions of clinical isolates of antifungal-resistant Candida spp. presented susceptibility to aPDT mediated by Photofrin similar to a reference strain.
In the study of Dovigo et al. [13] , suspensions and biofilms of resistant and standard strains of C. albicans and C. glabrata were treated with Photogem, followed by irradiation with LED light. It was observed that the effectiveness of aPDT was dependent on the species, and the resistant strains were less susceptible to the effects of aPDT. The authors also observed that the strains organized as biofilms were less susceptible to aPDT. In general, these studies demonstrated that aPDT has the capacity for inactivating C. albicans in suspension; however, complete inactivation of this yeast organized as biofilm continues to be an important challenge.
The capacity for adhesion of both strains was evaluated after the application of the aPDT treatments, by means of the XTT and CFU/mL tests. The adhesion of the microorganisms to biotic or abiotic surfaces is the first step of colonization and subsequent infection, and therefore, adhesion is considered an important virulence factor [28] . According to the pertinent literature, this is the first study that evaluated the capacity of adhesion of fluconazole-susceptible and fluconazole-resistant C. albicans to an abiotic surface after the application of aPDT. The results of the XTT assay demonstrated that aPDT reduced the capacity of adhesion of cells, and there was significant difference between CaS and CaR (only 15.8 and 13% of the CaS and CaR, respectively, were capable of adhering to the polystyrene plates). However, the tendency of reduction observed in XTT was not observed in the CFU/mL counts since it was not possible to verify significant difference in the capacity for adhesion between the cells treated with aPDT in comparison with the other groups. These findings corroborate the results obtained by Soares et al., who evaluated the effect of aPDT mediated by toluidine blue on the capacity of adhesion of Candida species to bucco-epithelial cells (BECs) [23] . These authors observed that the greater the effectiveness of aPDT against the Candida species, the greater was the reduction in adhesion of the yeast to BECs. Two isolates of fluconazole-sensitive C. albicans presented elevated reduction in the number of viable cells (mean of 5.20 Log 10 ), and the adhesion of these strains to the BECs was also significantly inhibited (mean reduction of 61.5%). On the other hand, C. albicans isolate that presented the lowest reduction in cell viability (mean of 2.15 Log 10 ) demonstrated lower inhibition for adhesion to BECs (mean reduction of 34.5%). Furthermore, one application of aPDT reduced 3.54 and 1.95 Log 10 of clinical isolates of fluconazole-resistant C. albicans and C. tropicalis, respectively, and adhesion to BECs was reduced by around 61 and 66%, respectively. These authors suggested that the change in the capacity of adhesion might be the effect of aPDT on the cytoplasmic membrane of the Candida spp. cells [23] .
Another virulence factor evaluated was the capacity of biofilm formation of C. albicans after aPDT. According to the results obtained in the colony quantification tests (CFU/mL), aPDT was capable of reducing the capacity of both strains of C. albicans to form biofilms (16.1 and 13.5% for the P+L+ CaS and P+L+CaR groups, respectively). Moreover, the CaR strain presented lower biofilm formation ability in comparison with the CaS strain. This result is in agreement with the study conducted by Rosseti et al., who also observed that aPDT, mediated by toluidine blue, reduced the capacity of C. albicans to form biofilms [29] . Furthermore, the authors demonstrated that aPDT promoted an increase in ROS production and cell permeability. According to the authors, ROS production and the increase in cell permeability caused by aPDT were responsible for inhibiting the cell proliferation and formation of biofilms. Therefore, it could be suggested that cells that survive aPDT are more susceptible to future treatments.
Another important factor that must be observed is the result obtained in the total biomass test, by means of crystal violet staining. Immediately after application of the treatments, aPDT reduced the total biomass of CaR by 23.1% in comparison with the control, and there was no reduction in the biomass of CaS. After application of the treatments, the surviving cells were submitted to the procedures of biofilm formation and total biomass was measured again; no difference was verified between the strains that received treatments with aPDT and their respective control groups. However, it is important to point out that the total biomass value of the CaS was higher in all the periods evaluated in comparison to the values of the CaR. These findings do not corroborate those found in the literature. Vavala et al. [30] characterized biofilms (24, 48 , and 72 h) of clinical isolates of susceptible and resistant C. albicans and verified that the resistant strains presented 50% higher total biomass values than the susceptible strain. The differences between the results obtained in the these studies may be attributed to the C. albicans strain evaluated because, in the present study, reference strains (ATCC) were used, while Vavala et al. [30] evaluated clinical isolates.
The results of the present study also demonstrated that aPDT changed the capacity of both strains evaluated for secreting proteinase in comparison with the control group (P−L−). Moreover, CaR presented lower production of this enzyme in comparison with the CaS. As regards phospholipase, it was also observed that the groups treated with aPDT differed statistically from the control groups and that the CaR presented lower ability to secrete this enzyme. However, a positive correlation between enzyme production and the values of Log 10 (CFU/mL) (r = 0.315 for proteinase and r = 0.338 for phospholipase) was observed, which means that the production of the enzymes was influenced by the quantity of viable cells. It is important to emphasize that, although the correlation coefficients of proteinase and phospholipase were positive and significant, the values obtained show a very weak correlation (r = 0.3); for this reason, these results should be read carefully. These results partially corroborate the data obtained by Martins et al. [31] , who evaluated the effects of aPDT on the capacity of C. albicans for producing phospholipase and proteinase in a murine model of oral candidosis when methylene blue was used in association with laser light. These authors observed the inhibitory effects of aPDT on the capacity of C. albicans to secrete proteinase; however, this treatment was not capable of reducing the secretion of phospholipase. The in vitro study conducted by Freire et al. [32] evaluated the effects of aPDT mediated by methylene blue and laser light on the expression of genes of C. albicans biofilms responsible for the enzymes proteinase (SAP5) and phospholipase (PLB2) by qPCR technique. The authors observed that aPDT was capable of reducing 60% of the expression of the SAP5 gene and 50% of the expression of the PLB2 gene in the samples; however, there was no significant difference when compared with the group of non-treated biofilms [32] . In addition to these enzymes produced by Candida, the activity of the lipase enzyme was also evaluated by Freire et al. [32] after the application of aPDT mediated by methylene blue. The cited authors observed that aPDT reduced by 50% the expression of the gene responsible for codifying this enzyme (LIP9) in C. albicans. However, it is important to evaluate whether the reduction in the enzyme production is not associated with the reduction of cell viability after aPDT. Therefore, in the present investigation, correlation between cell viability and enzyme production was performed and a positive correlation was shown.
The production of proteinase and phospholipase enzymes by CaS was greater in comparison with that of the CaR. Some studies have shown an increase in the production of proteinase by CaR after the use of subinhibitory concentrations of amphotericin B. Kumar et al. [33] verified higher proteinase enzyme production in strains resistant to amphotericin B compared with susceptible strains. Similarly, studies have verified that phospholipase secretion by strains resistant to medications is higher [34, 35] . Our results do not corroborate those of these studies; all of these studies used clinical isolate strains of Candida spp., whereas in the present study a standard strain (ATCC) of fluconazole-resistant C. albicans was used. We can hypostasize that the resistance of the Candida strain evaluated in this study is not related to the virulence factors (proteinase and phospholipase); however, it could be associated with efflux pumps and other resistance mechanisms (ergosterol synthesis).
Apart from these virulence factors assessed in the present study, the effects of aPDT on the expression of other pathogenicity factors of C. albicans have been evaluated. The transition of C. albicans into hyphae is responsible for the invasion of this fungus into the epithelial tissue, favoring penetration and growth of this microorganism among epithelial cells. The germinative tube is the first stage of the morphological transition from blastopore to hypha [36] . Munin et al. [24] observed that aPDT mediated by methylene blue and laser light reduced the formation of C. albicans hyphae, whereas Kato et al. [37] observed that aPDT mediated by methylene blue inhibited the formation of germinative tubes; however, the authors considered this effect transitory since this alteration was not observed in the daughter cells. Other studies have also evaluated the effects of aPDT on virulence factors of bacteria [38] [39] [40] . aPDT mediated by toluidine blue reduced the activity of lipopolysaccharides and proteases of the Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa [38] , as well as the activity of proteolytic enzymes of suspensions of Porphyromonas gingivalis [39] . Similarly, aPDT mediated by methylene blue was capable of inhibiting the activity of enzymes V8 protease, α-hemolysin, and sphingomyelinase of Staphylococcus aureus [40] .
Conclusion
Based on the results obtained in the present study, the authors could conclude that aPDT reduced the viability of both strains, fluconazole-susceptible and fluconazole-resistant C. albicans. However, regarding the virulence factors evaluated, it was demonstrated that aPDT did not alter the adherence and biofilm formation ability as well as enzymatic production.
